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Application of the wave-reservoir
approach to different aortic sites:
overstretching the concept
Nico Westerhofa, Berend Westerhofa, and
Patrick Segersb
W
e read the article by Narayan et al. [1] with
considerable interest. The authors performed a
much-needed in-vivo test regarding the reser-
voir-wave concept, assuming the measured pressure Pmeas
to consist of a reservoir pressure, Pr, and an excess pressure,
Px, a wave phenomenon [2]. Although Pr was originally
assumed to be the same both in timing and magnitude in all
conduit arteries, it is currently accepted to propagate with
the pulse wave velocity [3]. However, magnitude and shape
of Pr are still assumed similar at all locations [3,4]. Narayan
et al. [1] now attempt to underpin this assumption. The
supplement to the article [1] also criticizes our earlier work
on the concept [5, Erratum in: Hypertension 2015;66:e21].
While scrutinizing the most interesting contents of the
article and its supplement, some observations and ques-
tions arose, which we address in the following.
1. The reservoir pressure is similar in magnitude and
shape along the aorta.
Narayan et al. state that the ‘maximum and shape of
the Pr (t) waveform calculated from measured pres-
sure is effectively constant as it transverses the aorta’
and ‘exhibits only a small and insignificant variation
as it propagates along the aorta’.
No (statistical) test, however, is reported. Using Nar-
ayan et al.’s [1] example of Fig. 2c (one subject) and
calculating (PmaxPmin)/(PmaxþPmin) as a measure
of variation along the aorta, the measured pressure
varies by 5.5% whereas the reservoir pressure varies
by 7%, thus, the variation in reservoir pressure is
larger than in measured pressure. Also, judging from
their Fig. 3, model parameters ks and P1 seem to be
location-dependent. Although there is not the slight-
est doubt that reservoir pressure waveforms are
similar [as also illustrated by the high intraclass cor-
relation coefficients (ICC)], their magnitudes and
parameters describing the waveforms still indicate
that they are not identical (or illustrate the difficulty
of fitting a mono-exponential).
2. Relation of excess pressure to aortic inflow.
We are concerned about the assumption that Px
equals a constant, z, times ascending aorta inflow
as Px (t, x)¼ z(x)  QAA (t, 0) [1] whereas it is known
that Q (t, x) is not location-independent (one would
thus, expect Px (t, x)¼ z(x)  Q (t, x)). This assump-
tion implies that at all locations Pmeas (t, x)¼Pr
(t)þ z(x)  QAA (t, 0), with both terms being constant
in shape, and the second term changing in magnitude
only. This may more or less be the case for the
example provided in the article with very rounded
waveforms all along the aorta. To show what
happens with what we would consider a more com-
mon example, we digitized the aortic pull-back pres-
sure data displayed in Fig. 7 of the seminal paper by
Murgo et al. [6]. We derived Pr and Px as described in
[7] and calculated local Px at different locations by
subtracting Pr from local measured pressure. We thus,
obtained the local Px at seven locations. The result is
that Pr depends little on location (but its reservoir
parameters do). However, our calculation shown in
Fig. 1 clearly shows that the (amplitude-normalized)
wave shape of Px is not location-independent. The
calculated Px differs in shape from measured aortic
flow [6].
3. Does the reservoir-pressure concept only hold in
cases with high ‘Windkesselness’?
We speculated before that the morphology of the
pressure waveform (and the underlying (patho)-
physiology of the study participant) is an important
driver of the goodness of fit of the reservoir pressure
and the consistency of the paradigm, and found more
consistent findings whenever the systemic arterial
circulation is closer to a Windkessel-like system [7].
Authorsmention that ‘All exceptoneof theparticipants
exhibited a presystolic inflection point with average
augmentation pressure of 23 17mmHg.’ It is there-
fore, an unfortunate choice of the authors to use the
example of Figs. 1 and 2 with pulse pressure of
100mmHg (!), showing no augmentation, probably
being that one exception (and an exact duplicate of
Fig. 3 of reference [3]). Such wave shapes of pressure
and flow are hardly ever seen in a representative
sample of presumably healthy middle-aged individ-
uals [8] or even in other invasive studies [6].
4. Critique on Pr¼ 2Pb.
In the supplement, authors claim that our calcu-
lation, Pr¼ 2Pb, is wrong (with Pb the backward
component of the pressure wave). Our calculation
simply follows from the generally applicable
formula Pb¼ (PmeasQmeas  Z0)/2 with pressure
and flow (and Z0) pertaining to one and the same
location. Substituting Qmeas  Z0 for Px, one thus,
finds Pb¼ (Pmeas – Px)/2¼Pr/2.
FIGURE 1 Amplitude-normalised excess pressures along the aorta of an A-type beat.
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In their reasoning, Narayan et al. are incorrect in that
a. we did not use z  QAA(t), with QAA aortic root flow as
surrogate for local flow in Z0 (x)Qmeas (t, x). Using
variables at different locations is incorrect;
b. we did not, as the authors suggest, propose that
measured pressure and measured flow in the ascend-
ing aorta relate as Pmeas (0, t)¼Z0 Qmeas (0, t), which
would indeed be incorrect, but we stated that Px (0,
t)¼Z0(0)  Qmeas (0, t) [5].
Some of the authors of the article [1] actually co-authored
a (noncited) article where it was confirmed in humans that
Pr¼ 2Pb [9].
It would witness of scientific rigour for the authors to
publish corrigenda regarding all reports wherever the
above incorrect quotations (a) and (b) have been pub-
lished.
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Reply -Aortic Reservoir Pressure - not
overstretching but testing
James D. Camerona, Kim Parkerb, Om Narayanc,
Justin Daviesd, and Alun Hughese
W
e thank Drs Westerhof, Westerhof and Segers for
their interest [1] in our recent report [2]. We
welcome their comment that ‘. . .there is not
the slightest doubt that reservoir pressure waveforms
are similar ... .’ This is the main point of our article, and
in the accompanying editorial this was considered to
confirm one of the cornerstones of the reservoir pressure
concept [3].
The correspondents are incorrect in saying that no
statistical tests are reported – the results of linear mixed
model analyses are given in Tables 3–5 and shown in Fig. 3.
We have, however, in accordance with recent statistical
guidelines, not presented P values [4]. On the basis of these
data, there is no convincing evidence that the within-
individual variability of reservoir pressure and measured
pressure differ. For example, the intraclass correlation
coefficient (ICC, a measure of within-individual similarity
between sites) for maximum Pr – diastolic pressure
(Table 5) is 0.98 [95% confidence interval (CI) 0.96–0.99],
whereas for SBP (Table 3), it is 0.96 (95% CI 0.94–0.98; 95%
CIs of the ICCs were omitted from the original tables
because of space limitations).
With regard to their second point regarding the assump-
tion that Pxðx; tÞ ¼ jQin tð Þ. This has been demonstrated in
the aorta of dogs by Tyberg and co-workers [5,6], but we
agree that it may not apply in all locations. The data that
they show are consistent with this expectation, and our
recent data [7]. We believe the correspondents’ suggestion
regarding the goodness of fit of the reservoir model and the
‘Windkesselness’ of the system studied is credible, but
should be tested further experimentally. It is also worth
emphasizing that, although cursory consideration may lead
to the conclusion that variation along the aorta in the
parameters used to calculate Pr (kd, ks, and Pinf) is evidence
against the assumption that Pr is uniform along the aorta,
given the obvious variation in Pmeas at the different aortic
sites, it is in fact necessary that these parameters are
different if Pr is to be constant.
Importantly we do not, and have not, claimed that j is a
characteristic impedance (although as discussed in our
article [2], pages 3 and 4 of Supplementary File 2, it has
the dimensions of impedance). In our view, j is best
considered as an heuristic parameter determined through
fitting (ks¼ 1/jC, where C is the compliance). With regard
to the correspondents’ point 3, we regret if the use of data
shown in Fig. 1 muddied the waters. Figure 1 was only used
as a schematic illustration to define the various parameters
that we calculated in our study and is not from the data
set analysed.
We note Drs Westerhof, Westerhof and Segers’ point 4
concerning the relationship between Pr and a backward
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